The Toll-like receptor (TLR)-mediated NF-kB pathway is tightly controlled because overactivation may result in severe damage to the host, such as in the case of chronic inflammatory diseases and cancer. In mammals, sterile-alpha and armadillo motif-containing protein (SARM) plays an important role in negatively regulating this pathway. While Caenorhabditis elegans SARM is crucial for an efficient immune response against bacterial and fungal infections, it is still unknown whether Drosophila SARM participates in immune responses. Here, Litopenaeus vannamei SARM (LvSARM) was cloned and functionally characterized. LvSARM shared signature domains with and exhibited significant similarities to mammalian SARM. Real-time quantitative PCR analysis indicated that the expression of LvSARM was responsive to Vibrio alginolyticus and white spot syndrome virus (WSSV) infections in the hemocyte, gill, hepatopancreas and intestine. In Drosophila S2 cells, LvSARM was widely distributed in the cytoplasm and could significantly inhibit the promoters of the NFkB pathway-controlled antimicrobial peptide genes (AMPs). Silencing of LvSARM using dsRNA-mediated RNA interference increased the expression levels of Penaeidins and antilipopolysaccharide factors, which are L.vannamei AMPs, and increased the mortality rate after V. alginolyticus infection. Taken together, our results reveal that LvSARM may be a novel component of the shrimp Toll pathway that negatively regulates shrimp AMPs, particularly Penaeidins and antilipopolysaccharide factors. 
Introduction
Innate immunity is the body's first line of defense against pathogens [1, 2] . This immune response relies on germ lineencoded pattern recognition receptors (PRRs), such as the Tolllike receptors (TLRs), which participate in the recognition of pathogen-associated molecular patterns (PAMPs) [1, 2] . In mammals, various PAMPs derived from viruses, bacteria, fungi and protozoa can be detected by distinct TLRs, leading to the activation of NF-kB [3] . This transcription factor has a central role in coordinating the expression of proinflammatory cytokines and chemokines to eliminate microbial infection by provoking inflammation and recruiting innate and adaptive immune cells [3, 4] .
In Drosophila, Gram-positive bacteria, fungi and certain viruses can activate the Toll pathway [5, 6] . The recognition of Grampositive bacteria and fungi by peptidoglycan recognition proteins (PGRPs) and Gram-negative bacteria-binding proteins (GNBPs), but not by Toll itself, triggers a proteolytic cascade that cleaves the endogenous Toll ligand Spä tzle. This ligand binds to the Toll receptor, leading to activation of the NF-kB family protein Dorsal [5, 6] . Activated Dorsal then translocates to the nucleus to promote the expression of immune-related genes, such as those encoding antimicrobial peptide genes (AMPs) [6] . Although no component of the Drosophila Toll pathway has been identified for the detection of viruses, certain viruses can also activate the Toll-Dorsal pathway and induce AMP expression [5, [7] [8] [9] . Surprisingly, the classical Toll pathway does not seem to be conserved in Caenorhabditis elegans [10] [11] [12] . More specifically, the C. elegans genome does not encode homologs of the intracellular TLR adaptor protein myeloid differentiation primary response protein 88 (MyD88) or NF-kB-like transcription factors [10] . Meanwhile, Tol-1, the only Toll homolog in C. elegans, seems to play a major role in development but not an essential role in the control of immune responses [10] [11] [12] .
Signaling downstream of mammalian TLRs, which leads to NFkB activation, requires intracellular TLR adaptor proteins with a Toll/interleukin-1 receptor (TIR) domain, including MyD88, TIR domain-containing adaptor inducing interferon-b (TRIF), MyD88-adaptor-like (MAL), TRIF-related adaptor molecule (TRAM) and sterile-alpha and armadillo motif containing protein (SARM) [4, 13, 14] . MyD88 is a universal adaptor protein in the downstream signaling of various TLRs, with the exception of TLR3, which instead recruits TRIF [3, 4, 13] . TLR2 and TLR4 signaling requires MAL, which bridges TLR and MyD88 [3, 4, 13] . In addition to triggering MyD88-dependent signaling, TLR4 elicits TRIF-dependent signaling. In the latter signaling pathway, TLR4 needs TRAM to activate TRIF. Both MyD88-and TRIFdependent signaling lead to NF-kB activation [3, 4, 13] .
SARM is the only negative regulator of the five TLR adaptor proteins, functioning as an inhibitor of TRIF-dependent signaling by associating with TRIF [13] [14] [15] [16] . As a result, knockdown of endogenous SARM leads to NF-kB activation and enhanced cytokine and chemokine induction [15] . Among the five TLR adaptor proteins, SARM is the only TIR domain-containing protein conserved from C. elegans to mammals [10, 17, 18] . Knockdown of the C. elegans SARM homolog TIR-1 results in decreased C. elegans survival during fungal and bacterial infections, which has been related to reduced expression of two AMPs, NLP-29 and NLP-31 [10, 18, 19] . However, this effect is independent of the C. elegans Toll homolog Tol-1 but dependent on the p38 mitogen-activated protein kinase (MAPK) pathway, which regulates innate immune responses in evolutionarily diverse species [10, 18, 19] .
Drosophila expresses the two TIR domain-containing adaptor proteins MyD88 and SARM. Similar to mammalian MyD88, Drosophila MyD88 can activate the classical Toll pathway and induce AMP expression in response to fungal and Gram-positive bacterial infections [5, 20] . However, whether Drosophila SARM participates in the classical Toll pathway is still unknown [18] . In another arthropod, Carcinoscorpius rotundicauda, a SARM ortholog was reported to suppress NF-kB activation through downregulation of the TRIF-dependent TLR signaling pathway after expression in human cells [17] .
The culture of penaeid shrimp is rapidly developing as a major business endeavor worldwide. However, various shrimp diseases, caused by white spot syndrome virus (WSSV), Vibrio spp., Aeromonas and others, have resulted in high mortality and huge economic losses [21, 22] . A better understanding of the immune responses induced by these microbes would aid in the design of better strategies for the prevention and control of shrimp diseases [22] [23] [24] . Penaeidins (PENs), a family of AMPs from penaeid shrimp, possess antifungal, antibacterial and antiviral activities and even show proinflammatory cytokine features by attracting shrimp granulocytes toward the inflammatory site and by promoting adhesion [25] [26] [27] [28] [29] . Antilipopolysaccharide factors (ALFs) belong to another family of AMPs and are the key effector molecules of the innate immune system in crustaceans; ALFs also show antifungal, antibacterial and antiviral activities [30] [31] [32] [33] . A recent study suggests that ALFs may act as cytokine-like regulatory molecules and as effector molecules [33] . Some shrimp AMPs, including PENs and ALFs, are activated in response to microbial infections, and their expression levels are related to successful host immune responses [34, 35] . In the model crustacean Litopenaeus vannamei, several components of the Toll pathway have been reported, including LvToll1-3, Spä tzles (LvSPZ1-3), the NF-kB family protein LvDorsal, tumor necrosis factor receptor-associated factor 6 (LvTRAF6) and IRAK family protein LvIRAK4 (or LvPelle) [36] [37] [38] [39] [40] . However, whether the shrimp Toll pathway is involved in the regulation of PENs and ALFs, similar to the regulation mechanism of Drosophila AMPs by the Toll pathway, is still elusive. Here, we performed cDNA cloning, expression analysis and functional studies of LvSARM from L. vannamei, demonstrating that LvSARM is a potential negative regulator of the Toll pathway in regulating the expression of shrimp PENs and ALFs.
Materials and Methods

Animals
Healthy Pacific white shrimp (L. vannamei), each approximately 4-5 g in body weight, were purchased from a local shrimp farm in Zhuhai, Guangdong Province, China. The shrimp were cultured in a recirculating water tank system filled with air-pumped seawater (2.5% salinity) at 24-26uC and fed with commercial feed at 5% of body weight twice per day, as described previously [36, 37, 41] . The shrimp were cultured for at least seven days to allow them to acclimate before experiments were conducted.
2.2. RNA Extraction, cDNA Synthesis and Genomic DNA Extraction L. vannamei total RNA was extracted from the gill using an RNeasy Mini Kit (Qiagen, Germany). Residual genomic DNA was removed using RNase-free DNase I (Qiagen, Germany). The cDNA template for rapid amplification of cDNA ends (RACE) PCR was prepared using a SMARTer TM RACE cDNA Amplification Kit (Clontech, USA). For gene cloning, the first strand cDNA was prepared using a PrimeScript TM 1st Strand cDNA Synthesis Kit (TaKaRa, China). For the real-time quantitative PCR (qPCR) analysis, the first strand cDNA was prepared using a PrimeScript TM RT Reagent Kit (TaKaRa, China). Genomic DNA was isolated from L. vannamei muscle using the Universal Genomic DNA Extraction Kit Ver. 3.0 (TaKaRa, China) according to the manufacturer's instructions.
cDNA Cloning of LvSARM
In the NCBI expression sequence tag (EST) database for L. vannamei, three ESTs (Accession no. FE053309, FE079166 and FE146806) showing similarities to SARM were recovered. Based on the ESTs, we designed gene-specific primers (GSPs; listed in Table 1 ). The full-length cDNA of LvSARM was obtained using a 59-and 39-RACE approach, as performed in previous studies [36, 37, 41] . The genome sequence of LvSARM was obtained by a PCR application using the primers listed in Table 1 .
Bioinformatics Analyses
Multiple sequence alignments were performed using the Clustal X 2.0 program (http://www.ebi.ac.uk/tools/clustalw2). The simple modular architecture research tool (SMART; http:// smart.embl-heidelberg.de) was used to analyze the deduced amino acid sequences of LvSARM. Neighbor-joining (NJ) phylogenic trees were then constructed using MEGA 4.0 software (http:// www.megasoftware.net/index.html). Bootstrap sampling was reiterated 1,000 times.
Real-time qPCR Analyses
Gram-negative Vibrio alginolyticus and WSSV inocula were prepared and quantified as in previous studies [36, 39] . In microbial challenge experiments, L. vannamei was injected intramuscularly at the third abdominal segment with 100 ml of V. alginolyticus inoculum (approximately 7610 6 CFU/shrimp) or with 100 ml of WSSV inoculum (approximately 10 7 copies/ shrimp). Untreated shrimp were used as controls. At 0, 3, 6, 12, 24, 36, 48 and 72 hours post-injection (hpi), five shrimp from each group were randomly selected for the gill, hemocyte, intestine, hepatopancreas and muscle collection. Healthy L. vannamei tissues, including the hemocyte, eyestalk, gill, heart, hepatopancreas, stomach, intestine, nerve, muscle, pyloric cecum and epithelium were collected for total RNA extraction for tissue distribution analysis of LvSARM. Total RNA isolation was performed, and PCR templates were prepared as described in Section 2.2. The expression of LvSARM was measured using the Master SYBR Green I system and a LightCycler (Roche), as in previous studies [36, 42] . Three replicate qPCRs were performed per sample, and three shrimp were analyzed per sample. The standard curves for LvSARM and LvEF-1a were generated by running triplicate reactions of a 10-fold dilution series (i.e., 10 different cDNA concentrations). The efficiencies for LvSARM and LvEF-1a were 1.924 and 2.023, respectively. The relative standard curve method was used to calculate fold changes in gene expression [42, 43] . 
*Primers used in the cellular localization and the protein expression of luciferase reporter assays were the same for LvSARM. doi:10.1371/journal.pone.0052088.t001
Plasmid Construction
To express LvSARM in cells for cellular localization and functional studies, the pAc5.1-LvSARM vector was constructed using the pAc5.1/V5-His A vector (Invitrogen, USA) as described previously [41, 42] . We constructed an expression plasmid, pAc5.1-N-GFP, that could sufficiently express green fluorescent protein (GFP) in Drosophila S2 cells, as described in our previous study [36, 42] . The complete LvSARM ORF was inserted into the pAc5.1-N-GFP vector to create the pAc5.1-LvSARM-GFP vector, which expressed a fusion protein consisting of full-length LvSARM coupled to GFP. The complete ORF of LvIMD, an important component of the IMD pathway that functions in parallel to the Toll pathway to activate AMPs [41] , was inserted into the pAc5.1-N-GFP vector to create the pAc5.1-LvIMD-GFP vector. Luciferase reporter vectors were constructed using PGL3-Basic vectors (Promega, USA), as described in our previous studies [36, 37, 41] .
Cell Culture
Because no immortalized shrimp cell line is available at present, Drosophila Schneider 2 (S2) cells (Invitrogen), derived from a macrophage-like lineage, were used to analyze the cellular localization and function of LvSARM. Drosophila S2 cells were maintained at 28uC in Schneider's Drosophila medium (SDM) (Invitrogen) without CO 2 
Cellular Localization Analysis
Drosophila S2 cells were seeded onto poly-l-lysine-treated coverslips in 24-well plates 24 h before transfection. The cells were then transfected using Effectene Transfection Reagent (Qiagen, Germany) according to the manufacturer's protocol. Specifically, plasmids pAc5.1-LvSARM-GFP and pAc5.1-LvIMD-GFP (control) were transfected into Drosophila S2 cells to investigate protein cellular localization. Thirty-six hours after transfection, the cells on the coverslips were washed twice with phosphate buffered saline (PBS), fixed in Immunol Staining Fix Solution (Beyotime, China) and stained with Hoechst 33258 (Beyotime, China). The coverslips were then examined for protein cellular localization using a Leica laser scanning confocal microscope.
Dual Luciferase Reporter Assays
Drosophila S2 cells were seeded onto a 96-well culture plate in 100 ml medium at 2610 5 cells ml 21 24 h prior to transfection. To test whether LvSARM affects the promoters of NF-kB-controlled AMPs, the protein expression vector pAC5.1-LvSARM (0.05 mg per well) was cotransfected with the luciferase reporter gene pGL3-Basic, pGL3-PEN453, pGL3-PEN309, pGL3-PEN4, pGL3-Drs or pGL3-AttA (0.05 mg per well, respectively), all of which were constructed in previous studies and demonstrated to be predominantly regulated through NF-kB activation [36, 38, 41, [44] [45] [46] . The pRL-TK Renilla luciferase vector was used as an internal control. The cells were harvested and lysed 36 h after transfection to examine dual luciferase activities using the dual luciferase reporter assay system (Promega, USA).
Co-immunoprecipitation and Western Blot Analysis
Drosophila S2 cells cultured in 60 mm plates were transfected with various vector combinations (0.5 mg pAc5.1-LvSARM-Myc vector and 0.5 mg pAc5.1-LvTRAF6-V5 vector, 0.5 mg LvSARMMyc vector and 0.5 mg pAc5.1 vector, 0.5 mg pAc5.1-LvTRAF6-Myc vector and 0.5 mg pAc5.1-LvSARM-V5 vector or 0.5 mg pAc5.1-LvTRAF6-Myc vector and 0.5 mg pAc5.1 vector). After 48 h, the cells were lysed, and co-immunoprecipitation (co-IP) experiments were performed using the ProFound TM c-Myc Tag IP/Co-IP Kit (Pierce, USA) according to the manufacturer's instructions. Briefly, cell lysates and anti-c-Myc agarose were combined and incubated at 4uC overnight with constant inversion. On the following day, the samples were applied to centrifuge spin columns and washed three times with TBST. c-Myc-tagged proteins were eluted using non-reducing sample buffer. The elution products were then analyzed by sodium SDS-PAGE, followed by Western blotting using anti-V5 (1:1,000) and anti-Myc (1:1,000) monoclonal antibodies and a diaminobenzidine (DAB) substrate kit (Boster, China). The double strand RNA (dsRNA) of LvSARM and GFP (dsLvSARM and dsGFP, respectively) were prepared using T7 RiboMAX Express (Promega) according to the manufacturer's protocol. Briefly, DNA templates for the production of dsLvSARM and dsGFP were amplified by PCR using gene specific primers with the T7 RNA polymerase binding site at the 59 terminus to produce sense and anti-sense RNA strands separately. The single-strand RNA was then annealed to generate dsRNA. After purification, the dsRNA was quantified and then stored at 280uC. For dsRNA-mediated RNA interference (RNAi) experiments, the experimental group (1-2 g per shrimp) was injected with dsLvSARM (1 mg/g shrimp) by intramuscular injection, while the control groups were injected with dsGFP and PBS, respectively. To determine the silencing effects, the gill samples from at least 3 shrimps of each treatment were collected at 0, 24, 72, 120 and 144 hours post-dsRNA injection (hpi), and total RNA was extracted. The total RNA from the gills of the dsRNAinjected L. vannamei was reverse-transcribed into the first strand cDNA for the expression analysis of LvSARM, PENs and ALFs using qPCR as described in Section 2.5.
1The Expression Level of L. vannamei PENs and ALFs in LvSARM Silenced Shrimp
The expression levels of L. vannamei PENs and ALFs (LvPEN2, LvPEN3, LvPNE4, LvALF1 and LvALF2) were detected using the cDNA templates prepared in Section 2.11 by qPCR analysis. The primer amplification efficiencies for LvPEN2, LvPEN3, LvPNE4, LvALF1 and LvALF2 were 2.0, 1.981, 2.085, 1.997 and 1.953, respectively.
13. The WSSV and V. alginolyticus Infection Experiments in dsRNA-injected L. vannamei
The efficiency of gene silencing in dsLvSARM-injected L. vannamei was significant compared with the control groups (.80%) at all the examined timepoints chosen for qPCR analysis. In the WSSV and V. alginolyticus infection experiments, we infected L. vannamei intramuscularly with a WSSV inoculum (approximately 10 7 copies/shrimp) or V. alginolyticus (approximately 2610 6 CFU/ shrimp) at 48 h after dsRNA injection and then recorded the mortality. Water exchange and feeding regimes were the same as described in Section 1.1.
Statistical Analyses
The data are presented as the mean 6 standard error of the mean (SEM). A Student's t-test was used to compare the means of two samples using Microsoft Excel. The chi-square statistic was performed to assess the differences in mortality rates by comparing the mortality of the dsLvSARM injection group with the PBS or dsGFP injection groups. In all cases, differences were considered to be significant when p,0.05 and highly significant when p,0.01.
Results
Cloning and Sequence Analysis of LvSARM
LvSARM full-length cDNA is 3519 bp long with an ORF of 2361 bp encoding a putative protein of 787 amino acids, a 59-untranslated region of 199 bp, and a 39-untranslated region of (Fig. 1B) . LvSARM shares 32.8%, 44.7%, 35.9%, and 38.0% identity with C. elegans, C. rotundicauda, D. melanogaster, and Homo sapiens SARM, respectively (Fig. S1 ). LvSARM contains two N-terminal ARM domains, two central SAM motifs, and a C-terminal TIR domain (Fig. S2 ). In comparison with CeSARM, CrSARM and DmSARM, LvSARM is shorter in length and thus more similar to HsSARM (Fig. S2 ).
Phylogenetic Tree Construction
Using MEGA 4.0 software, we constructed NJ phylogenetic trees for SARMs. The NJ phylogenetic tree for SARMs revealed that these proteins can be divided into three groups: arthropods, nematodes, and vertebrates. LvSARM was clustered with insect, Daphnia pulex, and C. rotundicauda SARM and belonged to the same arthropod group (Fig. 2) .
Tissue Distribution of LvSARM in Healthy L. vannamei
In healthy shrimp, when normalized to mRNA expression in the hemocyte (1.0-fold), LvSARM was expressed at higher levels in the hepatopancreas (19.8-fold increase), stomach (26.0-fold), pyloric cecum (38.6-fold), intestine (63.2-fold), epithelium (87.7-fold), eyestalk (121.5-fold), nerve (159.4-fold), gill (235.9-fold), heart (241.0-fold) and muscle (2725.7-fold) (Fig. 3) .
Expression Profiles of LvSARM after Microbial Challenges
In the hemocyte after PBS injection, the expression of LvSARM was greatly downregulated compared with the control group LvSARM vectors) , 0.05 mg of reporter gene plasmid (pGL3-Basic, pGL3-PEN453, pGL3-PEN309, pGL3-PEN4 or pGL3-Drs or pGL3-AttA), and 0.005 mg of pRL-TK Renilla luciferase plasmid as an internal control (Promega, USA). Thirty-six hours later, the cells were harvested for examination of luciferase activities using the dual luciferase reporter assay system (Promega, USA). All data are representative of three independent experiments. The bars indicate the mean 6 S.D. of the luciferase activity (n = 3). The statistical significance was calculated using Student's t-test (*p,0.05; **p,0.01). doi:10.1371/journal.pone.0052088.g008 (Fig. 4A) . After WSSV injection, LvSARM was downregulated at 3, 6, 12 and 24 hpi and recovered to normal levels at 36 and 72 hpi, but was upregulated at 48 hpi compared with healthy shrimp. Compared with the PBS injection group, LvSARM was upregulated 3.12-, 2.41-and 4.24-fold at 36, 48 and 72 hpi, respectively, after WSSV injection. After V. alginolyticus injection, LvSARM was downregulated at all timepoints examined compared to healthy shrimp, but upregulated 5.87-, 2.40-, 1.84-, 2.86-and 1.40-fold at 3, 6, 12, 24 and 36 hpi, respectively, compared to the PBS injection group. In the gill, after WSSV injection, LvSARM was upregulated at 3, 6 and 36 hpi compared with both the healthy shrimp and the PBS injection groups (Fig. 4B) . After V. alginolyticus injection, LvSARM was also upregulated at 3 and 6 hpi compared with both the healthy shrimp and the PBS injection groups. In the hepatopancreas and intestine, the expression of LvSARM did not show obvious changes after PBS, WSSV or V. alginolyticus challenge (Fig. 4C and D) .
In the hemocyte, LvSARM was downregulated at 3 hpi, then its expression increased gradually from 6 to 72 hpi after WSSV infection (Fig. 5A) . Meanwhile, we found shrimp AMPs including LvPEN2, LvPEN3 and LvPEN4 were downregulated from 6 to 72 hpi after WSSV infection (Fig. 5B, C, D) . In the muscle, LvSARM was upregulated at 24, 36 and 48 hpi after WSSV infection (Fig. 6A) . At the same time, we also observed that LvPEN2, LvPEN3, LvPEN4 and LvALF2 were downregulated (Fig. 6B, C, D, E ).
Cellular Localization of LvSARM in Drosophila S2 Cells
Fluorescent imaging of the LvSARM-GFP fusion protein by confocal microscopy showed that LvSARM-GFP was ubiquitously distributed in the cytoplasm of Drosophila S2 cells (Fig. 7A) . The positive control LvIMD-GFP fusion protein exhibited a cellular localization pattern different from that of LvSARM (Fig. 7B) . Figure 10 . Expression of LvSARM in the gill of shrimp is significantly suppressed by dsRNA-mediated RNAi. At the indicated times after PBS, dsGFP (control) or dsLvSARM injection, total RNA was extracted from the gill and reverse transcribed to cDNA. The expression level of LvSARM was determined using qPCR. qPCR was performed in triplicate for each sample. The data are expressed as the mean fold change (means 6 S.E., n = 3) relative to the dsGFP injection group. The statistical significance was calculated using Student's t-test (*p,0.05; **p,0.01). doi:10.1371/journal.pone.0052088.g010
LvSARM Suppresses the Promoter Activities of Drosophila and Shrimp AMPs
In Drosophila and shrimp, AMPs are important immune molecules, and their expression is believed to be mainly controlled by the Toll-and IMD-dependent NF-kB pathway. Here, we investigated whether LvSARM functions in signal transduction in the Toll-mediated NF-kB pathway in Drosophila S2 cells. Dual luciferase reporter assay results indicated that LvSARM inhibited the promoter activities of the Drosophila AMPs Drosomycin (Drs) and Attacin A (AttA), the P. monodon AMP Penaeidin (PEN309 and PEN453), and the L. vannamei AMP Penaeidin4 (PEN4) (Fig. 8) .
LvSARM Associates with LvTRAF6
To investigate the molecular mechanism of LvSARM NF-kB suppression, we tested whether LvSARM associates with LvTRAF6 by co-IP. Myc-tagged LvSARM co-precipitated with V5-tagged LvTRAF6 (Fig. 9A) , while Myc-tagged LvTRAF6 coprecipitated with V5-tagged LvSARM (Fig. 9B) . We also observed that the pAC5.1 vector transfection groups did not show any coprecipitated proteins, serving as a negative control (Fig. 9 ). In conclusion, LvSARM might associate with LvTRAF6 in the Toll signaling pathway.
The Expression of LvSARM was Significantly Suppressed In Vivo by dsRNA-mediated RNAi
To further confirm the function of LvSAM in the regulation of shrimp AMPs PENs and ALFs, dsRNA-mediated RNAi experiments were performed. dsLvSARM (1 mg/g shrimp) was intramuscularly injected into shrimp in the experimental group, while injection of dsGFP or PBS was used in the control group. In the gill, the expression of LvSARM was significantly suppressed at 24, 72, 120 and 144 hpi (Fig. 10) , while the expression of LvSARM was upregulated after dsGFP or PBS injection, which is consistent with the induced expression of LvSARM in the gill by PBS and WSSV (Fig. 4B). 
Silencing of LvSARM Leads to Increased Expression of Shrimp AMPs PENs and ALFs in the Gill
In the gill of dsRNA injected L. vannamei, the expression of LvPEN2, LvPEN3, LvPEN4, LvALF1 and LvALF2 was detected Figure 11 . Silencing of LvSARM leads to increased expression of LvPEN2, LvPEN3, LvPEN4, LvALF1 and LvALF2 in the gill. The expression levels of LvPEN2, LvPEN3, LvPEN4, LvALF1 and LvALF2 were determined using qPCR. qPCR was performed in triplicate for each sample. The data are expressed as the mean fold change (means 6 S.E., n = 3) relative to the dsGFP injection group. The statistical significance was calculated using Student's t-test (*p,0.05; **p,0.01). doi:10.1371/journal.pone.0052088.g011 using qPCR. We observed that LvPEN2 was significantly upregulated at 24 and 144 hpi but downregulated at 72 and 120 hpi compared with the dsGFP injection group (Fig. 11A) . The expression of LvPEN3 was upregulated 2.89-, 2.29-, 1.04-and 1.62-fold at 24, 72, 120 and 144 hpi, respectively, compared with the dsGFP injection group (Fig. 11B) . The expression of LvPEN4 was upregulated 2.59-, 8.01-, 2.26-and 5.40-fold at 24, 72, 120 and 144 hpi compared with the dsGFP injection group, respectively (Fig. 11C) . The expression of LvALF1 was upregulated 2.00-and 2.18-fold at 72 and 120 hpi compared with the dsGFP injection group, respectively (Fig. 11D) . The expression of LvALF2 was upregulated 1.32-, 1.31-, 1.66-and 1.26-fold at 24, 72, 120 and 144 hpi compared with the dsGFP injection group, respectively (Fig. 11E). 3.11. The Mortality Rate of dsRNA-injected L. vannamei after WSSV or V. alginolyticus Infection WSSV is one of the most common and most destructive pathogens in shrimp aquaculture, and shrimp mortality can reach 100% within 3-10 days after infection. To further evaluate the role of LvSARM in shrimp immune responses, we performed WSSV infection experiments in dsRNA-injected L. vannamei. At 48 h after dsRNA injection, L. vannamei were infected with WSSV, and we found that injection of dsGFP and dsLvSARM could delay the initial outbreak of WSSV (Fig. 12A) . At 144 hpi with WSSV, the PBS and dsGFP injection groups reached 100% mortality, but the dsLvSARM-injected group showed 94% mortality (Fig. 12A) . Compared with the dsGFP injection group, dsLvSARM injection showed a slight protection from WSSV infection from 72 hpi to 144 hpi (Fig. 12A) . Vibrio spp. is another important shrimp pathogen in China and Southern Asia. At 48 h after dsRNA injection, L. vannamei were infected with V. alginolyticus. We found Figure 12 . Silencing of LvSARM increases shrimp mortality after infection with V. alginolyticus but not WSSV. The cumulative mortalities of shrimps injected with PBS, dsGFP (control) or dsLvSARM after WSSV (A) or V. alginolyticus (B) infection were recorded. The chi-square statistic was calculated to assess the differences in mortality rates by comparing the mortality of dsLvSARM injection group with that of the dsGFP injection group (*p,0.05; #p.0.05). doi:10.1371/journal.pone.0052088.g012 that injection of dsGFP could protect shrimp from V. alginolyticus infection, while the dsLvSARM-injected shrimp showed higher mortality rate than the dsGFP-(p,0.05) or PBS-injected group (Fig. 12B) .
Discussion
In the course of combating invading microbes, NF-kB requires timely downregulation to avoid detrimental overactivation [16, 47] . Without regulation, overactivation of immune responses may cause chronic inflammatory and autoimmune diseases [16] . SARM and the inhibitor of NF-kB (IkB, called Cactus in Drosophila) are the most important negative regulators of the TLR-mediated NF-kB pathway, which is highly conserved from insects to humans [48, 49] . Cactus has been characterized as a repressor of the Drosophila Toll pathway and has been shown to bind to the NF-kB family protein Dorsal to block Dorsal's nuclear localization signal [5, 6] . In C. elegans, SARM appears to have a positive Tol-1-independent function in immune responses [18, 19] . In contrast, whether insect SARM participates in immune responses is still unknown [18] .
In mammals, SARMs only play a role in the TRIF-dependent signaling pathway, where they interact with TRIF, but not in the MyD88-dependent signaling pathway [15] . In contrast, invertebrate SARM, such as amphioxus SARM, can also interact with MyD88 and TRAF6 and inhibit the MyD88-dependent signaling pathway [50] . One recent study indicates that mammalian SARM can inhibit MyD88-mediated AP-1 activation through the MAPK pathway [51] . In Drosophila S2 cells, overexpression of LvSARM could inhibit the promoter activities of NF-kB-controlled shrimp AMPs, suggesting that LvSARM may function as a repressor in the Toll pathway (Fig. 8) . LvSARM and LvTRAF6 could associate with each other, similar to amphioxus SARM and TRAF6 (Fig. 9) . The cytoplasmic localization of LvSARM, which is similar to that of the mammalian SARM and amphioxus SARM, suggests that LvSARM may have similar functions in TLR-mediated NF-kB pathway [50, 51] .
Like C. rotundicauda SARM [52] and amphioxus SARM [50] , LvSARM was highly expressed in the muscle, which might suggest multi-functions of SARM such as development or cell death [53, 54] in addition to innate immunity. After WSSV infection, LvSARM expressed was decreased at 3 and 6 hpi comparing with the PBS injection group in the muscle. But at 24, 36 and 48 hpi, LvSARM was significantly upregulated (Fig. 6A) . Meanwhile, we also found that, in the muscle, shrimp AMPs, including LvPEN2, LvPEN3, LvPEN4 and LvALF2, were significantly downregulated at 24, 36 and 48 hpi (Fig. 6B, C, D, E) . In the hemocyte, when LvSARM was upregulated at 36, 48 and 72 hpi, LvPEN2, LvPEN3 and LvPEN4 were downregulated (Fig. 6B, C, D) . So there may be a negative correlation in mRNA expression between LvSARM and shrimp AMPs in the hemocyte and muscle after WSSV infection. Interestingly, we also found that, when LvSARM was upregulated at 24, 36, 48 and 72 hpi, viral VP28 and immediate-early gene 1 (IE1) were also upregulated in the hemocyte and muscle (Fig. S3) . But whether this correlation between LvSARM overexpression and expression of viral genes is used by WSSV to avoid or manipulate shrimp immune responses remains to be determined.
Our dsRNA-mediated RNAi experiments showed that silencing of LvSARM could significantly increase the expression levels of PENs and ALFs, indicating that LvSARM may be a negative regulator in the shrimp Toll-NF-kB mediated pathway (Fig. 11) . Given that the TRIF-dependent signaling pathway does not exist in invertebrates, it is likely that LvSARM participates in the Toll pathway via MyD88-dependent signaling, which is evolutionarily conserved from insects to humans [3, 5, 6] . This study also demonstrated for the first time that some shrimp AMPs, such as PENs and ALFs, may be regulated by a Toll signaling pathway similar to the regulation mechanism of Drosophila AMP genes by the Toll pathway. Although the expression levels of PENs and ALFs in LvSARM-silenced shrimps were upregulated under most conditions, the LvSARM-silenced shrimps were more susceptible to infection by V. alginolyticus than by WSSV (Fig. 12) , suggesting that LvSARM might be indispensable in shrimp anti-V. alginolyticus responses.
Based on previous reports and this current study, we propose that the involvement of SARM in the MAPK pathway is conserved from C. elegans to mammals but has opposing roles in C. elegans and mammals ( Fig. 13) [11, 18, 50, 51] . In C. elegans, SARM is a positive regulator of the MAPK pathway, while in mammals, SARM is a negative regulator of the MyD88-mediated MAPK pathway [10, 18, 51] . The involvement of SARM in the MyD88-dependent signaling pathway may have originated from an arthropod such as C. rotundicauda or shrimp (Fig. 13) [17] . In mammals, SARM retains its function in the MyD88-dependent MAPK pathway, but also acts as a suppressor, similar to arthropod SARMs [51] . However, this suppressive function of mammalian SARM is mediated via TRIF-dependent signaling leading to NFkB activation, rather than by MyD88-dependent signaling [15] . Investigations regarding whether LvSARM participates in the shrimp MAPK pathway and of the interaction between LvSARM and shrimp MyD88 would be helpful to achieve a better understanding of the roles of SARM in the innate immune signaling pathways.
In the current study, full-length cDNA cloning, followed by cellular localization, expressions, and functional analyses of LvSARM, were performed. LvSARM is evolutionarily conserved and responds to microbial infections. Using a luciferase reporter assay and dsRNA-mediated RNAi, we demonstrated that LvSARM is a potential negative player of the shrimp Toll pathway in regulating the expression of PENs and ALFs. This study also extends our understanding of the evolution of the TLR signaling pathway. 
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